Abstract-Vascular inflammatory responses are intimately linked with oxidative stress, favoring the development of preatherosclerotic lesions. We proposed that oxidized low density lipoprotein (oxLDL) and foam cell infiltrates in the subendothelial layer engendered distinct electrochemical properties that could be measured in terms of the electrochemical impedance spectroscopy (EIS). Concentric bipolar microelectrodes were applied to interrogate EIS of aortas isolated from fat-fed New Zealand White (NZW) rabbits and explants of human aortas. Frequency-dependent EIS measurements were assessed between 10 kHz and 100 kHz, and were significantly elevated in the pre-atherosclerotic lesions in which oxLDL and macrophage infiltrates were prevalent (At 100 kHz: aortic arch lesion = 26.7 ± 2.7 kX vs. control = 15.8 ± 2.4 kX; at 10 kHz: lesions = 49.2 ± 7.3 kX vs. control = 27.6 ± 2.7 kX, n = 10, p < 0.001). Similarly, EIS measurements were significantly elevated in the human descending aorta where pre-atherosclerotic lesions or fatty streaks were prominent. EIS measurements remained unchanged in spite of various depths of electrode submersion or orientation of the specimens. Hence, the concentric bipolar microelectrodes provided a reliable means to measure endoluminal electrochemical modifications in regions of pro-inflammatory with high spatial resolution and reproducibility albeit uneven lesion topography and non-uniform current distribution.
INTRODUCTION
Oxidized low density lipoprotein (oxLDL) and macrophage infiltrates contribute to pro-inflammatory states relevant to the initiation of atherosclerotic lesions. 37 These lesions can be classified as stable or unstable plaque. The latter is often non-obstructive by conventional X-ray angiography or intravascular ultrasound (IVUS), and is prone to rupture, leading to acute coronary syndromes or stroke. 2, 11, 21 Unstable plaque or otherwise known as thin-cap fibroatheroma represents a transitional plaque that is characterized by a thin fibrous cap (<65 lm), a large necrotic core, an abundance of macrophages, and limited luminal narrowing. 37 However, detection and diagnosing the nonobstructive, albeit pro-inflammatory, lesions during catheterization remains a clinical challenge.
Up to date, there are no diagnostic tools to detect intravascular oxidative stress and pro-inflammatory states when patients undergo angiograms. Serum biomarkers have been proposed for predicting pro-inflammatory states. Examples include C-reactive protein, matrix metalloproteinases, CD40 ligand, Lp-PLA 2 (lipoprotein-associated phospholipase A 2 ) and myeloperoxidase. Specifically, circulating Lp-PLA 2 is bound predominantly to low-density lipoprotein (LDL) (~80%) which transmigrated to the subendothelial space of atherosclerosis-prone regions. 28 Imaging modalities including magnetic resonance imaging (MRI) and electron beam computed tomography (EBCT) have also been proposed to predict unstable plaque. 7, 29 However, assessing stable vs. unstable atherosclerotic lesions during catheterization remains an unmet clinical need.
Atherosclerotic lesions display distinct electrochemical properties. 34, 35 Pre-atherosclerotic lesions harbor pro-inflammatory substrates; namely, oxLDL and macrophage-derived foam cells infiltrates, which engender distinct endoluminal electrochemical impedance or otherwise quantified as electrochemical impedance spectroscopy (EIS). 19, 34 Previously, changes in bulk resistance were prevalent in the atherosclerotic lesions as measured by the linear 4-point probe. 19, 34, 35 Electric impedance (Z) develops as a function of frequency in response to the applied alternative current (AC) to the biological tissue. Recently, a catheter-based linear 4-point microelectrode was reported to assess EIS in New Zealand White (NZW) rabbits. 19, 34, 35 In our study, we introduced concentric bipolar microelectrodes to further address the non-uniform and complex tissue current distribution, uneven endoluminal topography and non-uniform current distribution, in both rabbit aortas and human descending aortas. Our findings indicate the potential application of concentric bipolar microelectrodes to measure electrochemical impedance in regions of pro-inflammatory states with high spatial resolution.
MATERIALS AND METHODS

Rabbit Aortas and Explants of Human Descending Aortas
Two male NZW rabbits (10-week-old) were acquired from a local breeder (Irish Farms, Norco, CA) and maintained by the USC vivaria in accordance with the National Institutes of Health guidelines. After a 7-day quarantine period, they were fed with a highfat, high-cholesterol diet (NewcoÒ 1.5% cholesterol and 6% peanut oil) for 8 weeks. The rabbits were then euthanized with an overdose of intramuscular injection of ketamine (Fort Dodge Laboratories, Inc) combined with 1 mg/kg Acepromazine (Aveco Co.). The hearts and aorta were resected for ex vivo study and immunohistochemistry. All experimental procedures were performed in compliance with the Institutional Animal Care and Use Committee in the Heart Institute of the Good Samaritan Hospital, Los Angeles, which is accredited by the American Association for Accreditation for Laboratory Animal Care.
Also, six explants of human descending aortas and common carotid arteries were collected from cardiac transplant patients or National Disease Research Interchange (NDRI) for study in compliance with the University Institutional Review Board.
Operating Principle and Equivalent Circuit Model
Electrical impedance (Z) is a measure of the opposition to electrical flow through a substance, a complex quantity combining resistance and reactance as a function of frequency when an AC was applied. The value of impedance is conventionally represented as a complex number (Z = R + iX c ), consisting of the real number R for the resistance and the complex number iX c for the reactance. 3 Blood vessels harbor resistance and store charges, exhibiting complex electric impedances as a function of frequency. Hence, we were able to determine the lesions' frequency-dependent electrical and dielectrical behavior by recording the electric impedance of a tissue over a frequency range. 20 Biological tissue impedance measured by metallic electrodes entailed electrode-electrolyte interface. Investigations on the electrochemical properties at the interface can be dated to as early as 1871, 13 and various equivalent circuit models have been proposed. To date, a simple yet efficient model for the electrochemical impedance in tissue is represented as a parallel interface capacitance impedance, C P , shunted by a charge transfer resistance, R P , in series with the tissue resistance, R S (Fig. 1a) .
3 A more sophisticated model replaces C P with a constant phase angle impedance Z CPA (Fig. 1b) , a measurement for the non-Faraday impedance arising from the interface capacitance and non-homogeneities, 10 which can be expressed by the empirical relation:
with n being a constant (0 < n < 1) for the nonhomogeneities of the surface and x being angular frequency equal to 2pf. If n = 1, the Q is equal to C P , and Z CPA represents a purely capacitive impedance element corresponding to the interface capacitance. 10, 23 In the case of concentric bipolar electrode experiments (Fig. 1c) , the R S is mainly dependent on the tissue composition and the geometric dimension of the tissue between the inner working electrode and the outer counter electrode, whereas the R P and Z CPA are predominantly dependent on the tissue dielectric and conductive properties as well as the geometric dimension between the two electrodes.
Ex vivo Electrochemical Impedance Spectroscopy Measurements
The rabbit aorta was flushed with physiological saline solution and resected longitudinally to expose the inner lumen. Tissue specimens at approximately 2 cm in length were isolated from the aortic arch, thoracic aorta, and abdominal aorta, respectively. Gross histology of atherosclerotic lesions was identified for the individual specimens (Fig. 2) . For the human artery specimens, en face arteries were sectioned longitudinally to reveal endoluminal surface. Two specimens were observed to have mild to prevalent fatty streaks (Fig. 3) . The tissues were maintained in the phosphate buffered saline (PBS).
Endoluminal EIS measurements were performed at multiple sites associated with the plaque lesions and compared to the healthy arterial lumens and to PBS. More than three replicates were performed at each site. The concentric bipolar microelectrodes (FHC Co., ME, USA) consisted of working and reference electrodes; the former was the inner pole made of the platinum at 75 lm in diameter, and the latter was the stainless steel outer shell made of a at 300 lm in diameter. An Ag/AgCl electrode immersed in the PBS solution was used as a reference electrode. EIS measurements were performed by using a Gamry Series G 300 potentiostat (Gamry Instruments, PA) installed in a Dell desktop computer. An input of 10 mV peak-topeak AC voltage and a frequency decay ranging from 300 kHz to 100 Hz were delivered to the sites. The magnitudes and phases of the impedance were acquired at 20 data points per frequency decade. To test whether the depth of PBS solution and orientation of contact with the specimens would interfere with the EIS recordings, we mounted the concentric bipolar microelectrode on a micro-manipulator (World Precision Instruments Inc., FL, USA). EIS measurements were performed at the identical point of interest for the electrodes submersed in four various depths in PBS solution while in contact with the specimen, or the specimens were rotated around the electrodes by 90°. 
Immunohistochemistry
Vascular rings or stripes were cut from the rabbit aorta or human artery immediately after the specimens were collected and measured, and immersed in 4% paraformaldehyde for 24 h. They were then frozen in optical cutting temperature compound (Sakura Finetek, Torrance, CA) for histopathological analysis. Serial 5-lm cryosections were cut. Immunostaining was performed with standard techniques in frozen vascular tissue using biotinylated secondary antibodies and streptavidin-conjugated horse radish peroxidase (HRP). Chromogen Diaminobenzidine (DAB) was used as the substrate of HRP, and the sections were counterstained with hematoxylin for the visualization of intima, media, smooth muscle cells, and adventitia. Plaque macrophages, or foam cells, were identified. Tissue sections were viewed with a microscope (Leica DM LB2, Leica Microsystems, Germany), and images were captured with a CCD digital camera (Spot RT-KE, Diagnostic Instruments, MI, USA). Evaluation of the plaque histology was performed according to the modified AHA classification of atherosclerotic lesions. [32] [33] [34] 39 For further evaluation of the local oxidation stress, foam cells were identified by Sudan black stain, 15, 16, 38 macrophages with anti-CD68 antibody, and oxLDL with mAb4E6. 15 H&E and von Kossa staining were used to demonstrate calcification. A color intensity threshold mask for immunostaining was defined to detect foam cells and oxLDL.
Statistical Analysis
Histological plaque characteristics were qualitatively ranked in four groups (no/minor/moderate/ severe oxidative stress). Statistical analyses were performed using two-tailed T-test for two groups of data, or one-way ANOVA for multi-group comparison with the statistical software package SPSS 15.0 (SPSS Inc., Chicago, IL). p values of less than 0.05 were considered statistically significant. Power analysis determined sample size (N) for rabbits.
RESULTS
Endoluminal EIS Measurements at Various Microelectrode Submersion and Tissue Orientation
En face segments of rabbit aorta revealed prevalent pre-atherosclerotic lesions. After 8 weeks of high-fat diet, pre-atherosclerotic lesions were prominent in the aortic arch in which disturbed flow occurred (Fig. 2a) , whereas the segment distal to the aortic arch was spared of visible lesions (Fig. 2b) . Next, EIS measurements were performed in relation to the depth of microelectrode submersion and orientation of the specimens. Both EIS and phase measurements were identical as the electrode was positioned from 0 mm to 4 mm below PBS solution surface (Fig. 4a) . At 300 kHz, the lowest impedance was measured at 4000 X, corresponding to a phase value of about 215°, indicating near-ohmic resistance. Furthermore, impedance was inversely proportional to the frequencies, indicating the effect of double layer capacitance at the electrode/electrolyte interface. Moreover, EIS measurements were compared at two different sites of the endoluminal surface (Fig. 4b) . Both EIS and phase measurements remained unchanged despite rotation of the specimens at 90°. Hence, the impedance readings Fig. 7a. (b) Numerous fatty streaks (red circles) and apparently normal endothelium (black circles) corresponded to the EIS readouts in Fig. 8a . Cross-sectional histological analyses were performed along blue dashed lines (Figs. 8c and 8d) .
acquired by the concentric bipolar microelectrodes were unaffected by the depth of electrode submersion and orientation of specimens.
Endoluminal EIS Measurements between Healthy and Atherosclerotic Lesions in Rabbits
Electrochemical impedance spectroscopy measurements were compared between the healthy and atherosclerotic tissues from the two rabbits. Five representative healthy sites and atherosclerotic sites were assessed (from Fig. 2a) , and significant differences in EIS measurements were observed between 10 kHz and 100 kHz in the aortic arch (Fig. 5a ). Bar graphs further corroborated statistically significant differences in EIS values (p < 0.01, n = 10) (Fig. 5b) . The impedances of the lesions were nearly 2-fold higher than those of the healthy sites. Hence, concentric bipolar microelectrodes offered a reliable entry point to assess endoluminal EIS for plaque diagnosis.
Linking Electrochemical Impedance with Immunohistochemistry
We demonstrated EIS measurements in the nonobstructive, albeit pro-inflammatory, pre-atherosclerotic lesions in both aortic arch and descending aortas isolated from the fat-fed rabbits. The pre-atherosclerotic lesions, occupying less than 20% of the luminal diameter, were notable for both intimal thickening and intimal xanthoma (Fig. 6) , which corresponded to the EIS measurements as illustrated in Fig. 4 . Intimal thickening consisted of mainly smooth muscle cells in a proteoglycan-rich matrix, whereas intimal xanthoma or otherwise known as a fatty streak primarily contained macrophage-derived foam cells (Fig. 6c) , T lymphocytes (not stained), and varying degrees of smooth muscle cells (SMC). 39 Intimal thickening further revealed positive staining for oxLDL (Fig. 6d) . Calcification was absent as evidenced by the negative von Kossa staining. These lesions possessing minor to medium oxidative stress were considered clinically silent and were previously reported to have no significantly different impedance spectrum compared to healthy aorta. 35 However, concentric bipolar microelectrodes enabled the detection of endoluminal impedance spectrum changes in the presence of oxLDL and macrophage/foam cell infiltrates.
Linking Electrochemical Impedance with Fatty Streaks in Human Descending Aortas
Fatty streak or otherwise known as early atheromas harbor oxLDL and microphages/foam cell infiltrates. 39 En face segments of human descending aorta and carotid arteries revealed numerous fatty streaks for which endoluminal EIS measurements were performed (Fig. 3 ). Significant differences in EIS measurements were observed between 10 kHz and 100 kHz in the descending aortas (Figs. 7a and 8a) . Bar graphs further corroborated statistically significant differences in EIS values (Figs. 7b and 8b) (p < 0.05, n = 3, and p < 0.01, n = 6, respectively). The impedances of the fatty streaks were nearly 1.5-fold higher than those of Endoluminal EIS measurements from the human descending aorta. (a) EIS data results were performed on the thoracic aorta. Significantly higher impedance values were recorded from the fatty streaks over the frequency range from 10 to 100 kHz compared to the healthy endoluminal surface. (b) T-test verified the statistically significant difference in impedance measured at 95 kHz, 30 kHz, and 9.5 kHz between the healthy and plaque tissues (* p < 0.05, n 5 3). FIGURE 8. EIS measurements in explants of human carotid arteries. (a) EIS measurements were performed on 6 control endoluminal sites and 6 lesion sites of human carotid arteries (n 5 6). Average impedance values at frequency range 1000 Hz-300 kHz for control and lesion sites were presented as control vs. lesion, respectively (n 5 6). Vertical bar denotes standard deviation. Baseline impedance measured from PBS solution alone was illustrated as a reference. (b) Differences in measured impedance from control and lesion sites were the most significant between operating frequency 10-100 kHz (* p < 0.01, n 5 6). (c) Immunohistochemistry was performed at the control site. (d) At the lesion site, subendothelial layers were stained positive with mAb4E6 for oxidized low density lipoprotein (oxLDL). the healthy sites. Immunohistochemistry analysis revealed presence of oxLDL (Figs. 8c and 8d) in the lesion region. Hence, endoluminal EIS measurements provided distinct electrochemical impedance in regions properties of pre-atheromas from explants of human arteries.
DISCUSSION
To better characterize the biochemical properties of non-obstructive, albeit pro-inflammatory, lesions, we demonstrated the application of endoluminal EIS. EIS measures the dielectric properties of a specimen as a function of frequency. 5 It is based on the interaction of an external field with the electric dipole moment of the samples, often expressed by permittivity. 26 The novelty of this study was to address biological tissues that harbor both energy storing and dissipation properties. The configuration of concentric bipolar microelectrodes allowed for consistent and reliable electrical impedance measurement despite the non-homogeneous composition and non-uniform current distribution in the lesions.
We showed that EIS measurements were significantly elevated in the pre-atherosclerotic lesions or otherwise known as fatty streaks or deposition in which oxLDL and macrophage/foam cell infiltrates were prevalent. Thus, linking endoluminal EIS measurements with pre-atherosclerotic lesions holds promise to develop intravascular-based sensors and to predict pro-inflammatory lesions when the patients are undergoing catheterization.
The use of a linear array of four microelectrodes based on microfibrication and semiconductor technology was recently reported. 34 A balloon catheter system with an integrated polyiminde-based microelectrode structure was introduced into the aorta, and the impedance was measured at frequency range 1-10 kHz. Then the corresponding histomorphometric data of the aortic segments were compared. 35 The investigators provided the first catheter-based fourpoint electrodes arranged axially with a diameter of 100 lm and a spacing of 333 lm apart for impedance measurement in the NZW rabbits on high-fat diet.
Unlike the linear array of electrodes, concentric configuration further allowed for EIS measurement independent of the depth of the PBS submersion and orientation of the tissues. Electrical currents flow preferably via the least resistive pathways; that is, the shortest conducting paths between the central electrode and the outer shell of the concentric bipolar microelectrodes. Owing to the micro-scale of the concentric electrodes, the impedance measurement is mainly sensitive to the electrochemical properties of the tissue at close proximity, and changes in volume of saline solution would not alter the impedance reading. Our ex vivo investigation can be extrapolated to perform in vivo investigation in which the impedance measurements will be independent of lumen diameters, blood volumes, and flow rates as long as the contact is made between microelectrodes and endoluminal surface.
Up to date, little is known about the numerous variables affecting assessment of atherosclerotic lesions. Investigations have been centered around atherosclerotic lesion's lipid pool content, calcification, fibrous cap, and intima/media thickness. 11 The emerging vascular oxidative hypothesis of unstable plaque is that atherosclerotic lesion is deemed a dynamic process.
8, 14 Reactive oxygen species via NADPH oxidase enzyme system and the release of matrix metalloproteinase (MMP) by the inflammatory cells contribute to the vulnerability of a rupture-prone plaque.
12 These macrophage-derived foam cells are trapped by interaction with oxLDL and can be mobilized by dynamic exposure in response to key antioxidants such as apocynin, N-acetylecysteine (NAC), as well as resveratrol, a polyphenolic compound in grapes and red wine. 27 In this study, we focused on the specific content of oxidative stress; namely, oxLDL and foam cell infiltrates, and assessed both aortas of NZW rabbits and explants of human arteries. The ability to obtain reliable EIS measurements with high special resolution provides a basis to further deploy the catheter-based concentric bipolar microelectrodes for endoluminal EIS assessment in vivo. Ideally, EIS sensors can be incorporated onto a steerable catheter accompanied with intravascular ultrasound (IVUS) to scan the circumferential profile of the atherosclerotic. 24 In fact, EIS measurement can be performed at multiple sites for a single lesion to generate a contour map containing both topographical and electrochemical information. In addition, EIS measurements can be potentially incorporated with intracardiac echocardiogram, 22 optical coherence tomography (OCT), 17, 40 and/or micro-thermal sensors 1 to further enhance the sensitivity and specificity for the assessment of proinflammatory states or unstable plaque.
Distinct from the linear four-point electrode arrays, our methodology employed the concentric bipolar electrodes (FHC Ò ), allowing for reproducible assessment for vascular regions harboring vascular oxidative stress in terms of oxLDL and foam cells. 18 The unique feature of the concentric electrodes included the constant and symmetric displacement between the working and counter electrodes. Similar to the previously reported EIS, 34, 35 specimens that harbor oxidative stress generated distinctly higher EIS values compared to the healthy tissues over a range of frequency from 10 kHz to 100 kHz. Moreover, the EIS measurements were independent of the surrounding medium and orientation of the specimens.
Severe stenosis reduces arterial blood flow and causes high tensile and compressive stress in the stenotic plaque. 36 Oxidative stress and pro-inflammatory states modulate mechanical vulnerability of plaque. 30 Oxidative stress is involved in the oxidation/modification of low-density lipoprotein, 4, 6, 41 which occurs at high levels in the atherogenic prone regions of aorta and plays a critical role in pro-inflammatory states. 25 Mounting evidence supports that oxLDL and macrophage/foam cell-rich shoulder areas are more prone to disruption, leading to thrombus formation and embolic events. 9 Hence, the application of EIS to assess preatherosclerotic lesions will likely provide a means to measure electrochemical properties in regions of proinflammatory states that harbor both oxLDL and foam cells. Further characterization of EIS in relation to histology is warranted to stratify the extent of oxidative stress and pro-inflammatory states to identify patients in whom selective intervention may be indicated.
In summary, we demonstrated a link between electrochemical properties and vascular oxidative stress in the pre-atherosclerotic lesions in the aortas of NZW rabbits and explants of human descending aortas. These distinct electrochemical properties of the lesions correlated with the substrates of vascular oxidative stress; namely, oxLDL and macrophage/foam cell infiltrates. It has been demonstrated that the fat present in the plaques has high specific electrical resistivity compared to other possible plaque compounds.
31
Atheromas at various stages contain differential levels of lipid-rich components, rendering a differential level of oxidative stress that can be potentially identified by the magnitude of tissue impedance.
